Inactivation of p53 has been shown to correlate with poor prognosis and drug resistance in malignant tumors. Nevertheless, few reports have directly shown such effects in primary tumor cells. Here, we investigated the p53 mutational status in 138 B-CLL samples and compared these findings with drug and c-irradiation sensitivity profiles. p53 mutations resulted not only in a shorter survival but, notably also in selective resistance to alkylating agents, fludarabine and cirradiation. In contrast, no such effect was observed for vincristine, anthracyclines and glucocorticoids. Thus, these latter compounds induce cell death at least in part by p53-independent pathways. Interestingly, p53 mutations clustered in patients who had received prior chemotherapy. In fact, we show for the first time that treatment with DNA-damaging alkylating agents correlates with occurrence of p53 mutations in a clinical setting. This finding may explain at least to some extent the development of resistance to second-line anticancer chemotherapy.
Introduction
Chronic lymphocytic leukemia (CLL) is caused by the accumulation of small, nondividing clonal cells. While T-CLL is rare, the majority of patients present with B-lineage CLL. The growth fraction is very low in most cases and this led to the hypothesis that B-CLL is caused not only by deregulated proliferation control but also by inactivation of the apoptosis machinery leading to accumulation of the malignant cells. Thus, B-CLL is considered a prototypic disease of apoptosis deficiency. This may be the underlying cause for the wellaccepted fact that the disease is so far incurable by conventional cytotoxic therapies.
We and others have shown in various models that cytotoxic drugs kill via the induction of apoptosis. [1] [2] [3] [4] In fact, resistance to apoptosis results in resistance to therapy. 5 Nevertheless, up to now, amazingly little effort has been made to connect specific defects in the apoptosis signalling cascade with resistance or sensitivity to specific cytotoxic drugs in cancer patients.
In addition to the intrinsic resistance to apoptosis in CLL, the further disruption of apoptotic pathways may lead to the development of resistance to therapy. For B-CLL patients, it has been shown that the inactivation of the central apoptosis regulator p53, a key regulator of cell death upon DNA damage, 6 is a parameter associated with a poor prognosis. 7, 8 Disruption of p53 may occur either by mutation or as a consequence of deletion of the chromosomal region on chromosome 17p coding for the p53 gene. In addition, such events have been linked to drug resistance in B-CLL. 8, 9 Approximately, 10% of B-CLL patients carry p53 mutations as a the exons [5] [6] [7] [8] , that is, the DNA-binding domain, while p53 inactivation in acute lymphatic leukemias is a rather rare event. 10 Loss of p53 function may result in the deficient activation of p53 target genes (reviewed in Daniel et al.
11 and Daniel 12 ) and death effectors such as Bax, [13] [14] [15] [16] [17] the BH3-only proteins Noxa or Puma [18] [19] [20] and APAF-1. 21, 22 Most functional data on the consequences of p53 inactivation in relation to drug sensitivity were, however, generated in cell line models. 23 Furthermore, the majority of p53 analyses in clinical tumor samples shows effects on patient survival, but do not provide direct and hard evidence for drug resistance.
In addition, little is known, especially in B-CLL, about the classes of chemotherapeutic drugs that depend on an intact p53 for their cytotoxic action. We therefore analyzed a series of 138 B-CLL samples for mutation in the DNA-binding domain of the p53 gene and determined drug sensitivity profiles across a broad spectrum of commonly employed cytotoxic B-CLL therapies.
As expected, we observed a shorter survival in patients with B-CLL carrying p53 gene mutations. More interestingly, however, we report for the first time that the frequency of p53 mutations is significantly increased in patients who had received prior chemotherapy with alkylating agents. To our knowledge, this is the first report showing p53 mutation and/or selection of p53 mutant clones upon DNA-damaging therapy in a clinical setting in patients. Thus, such DNA-damaging therapies might be linked to inactivation of key genes such as p53 in the malignant cells and the consecutive development of resistance to therapy. In addition, we demonstrate that p53-mutated CLL cells display selective but not overall drug resistance, that is, that p53-inactivated cells are more resistant to the alkylating agents, fludarabine, irradiation, but not to steroids, doxorubicin or vincristine.
Results

Patients and specimens
We examined 138 B-CLL specimens of patients treated at different hospitals in the UK with treatment regimen according to the physician's discretion. In total, 99 specimens were from male patients, 39 from females. Patient characteristics are shown in Table 1 . Of the 80 patients that were previously treated, 62 had received an alkylating agent (either chlorambucil or cyclophosphamide). The cohort of patients was typical of those encountered in routine clinics.
Ex vivo drug sensitivity
Drug sensitivity was assessed by the ex vivo apoptotic differential staining assay. 24 The chemotherapeutic drugs tested in all 138 samples were fludarabine, chlorambucil and doxorubicin. Only subsets of patient samples were tested with methylprednisolone (n¼137), cyclophosphamide (as mafosfamide in vitro) (n¼133), the vinca alkaloid vincristine (n¼104) and ionizing radiation (2 Gy by a 137 Cs source) (n¼83). All treatment methods induced apoptosis in a dose-dependent manner. As previously reported, individual patient drug sensitivity profiles showed a broad range of drug sensitivity patterns, 25 reflecting the patient heterogeneity seen in the clinic.
p53 mutational analysis
By the use of genomic single-stranded conformational polymorphism-polymerase chain reaction (SSCP-PCR) analysis (Figure 1a) , we found 23 of the 138 samples (16.7%) to bear alterations in the DNA-binding domain of p53 (exons [5] [6] [7] [8] . This percentage is in line with previous investigations, which, although different methodologies were applied, found p53 gene mutations in classical B-CLL in 10 26 to 15%, 27, 28 or a dysfunctional p53 (as assessed by the inability to upregulate the transcriptionally dependent p21 after radiation) in 23.3%. 29 Finally, in B-prolymphocytic leukemia, p53 mutations were seen in up to 53%. 30 p53 inactivation by chromosomal deletion leading to loss of heterozygosity was observed in 12% and appears to be frequently associated with inactivation of the second allele by mutation. 7 Alterations of the p53 gene are known to be associated with poor prognosis and shorter survival in B-CLL. 7, 8 In the present study, we confirm this finding.
To determine the sensitivity of our SSCP-PCR screening assay to detect sequence alterations, we performed spiking experiments in which we detected at least 10% mutant DNA (Figure 1b Figure 2a ). Interestingly, mutations resulting in changes in the peptide sequence (point mutations, insertions or deletions) exerted the same effect on survival, as did intronic gene alterations or silent coding sequence mutations (Figure 2b ). These silent mutations/ polymorphisms were, however, not correlated with an impaired drug response. This indicates that the association between silent p53 mutation and poor survival represents an epiphenomenon.
No correlation of p53 mutational status with Binet stage or leukocyte count, age or gender could be found ( Table 1) . Alteration of the p53 gene was found in all Binet disease stages and was associated with a shorter overall survival in all stages (data not shown). This indicates that p53 mutation is independent from the clinical stage of the disease and the natural course of the disease. This is supported by the multivariate survival analysis (Table 3) , where advanced stage (Binet C versus Binet A and B) and p53 mutations were independent variables for prediction of survival. The relative risk for early death was elevated 2.2-fold for patients with Binet C stage (P¼0.0002) and 2.5-fold for patients with p53-mutated B-CLL (P¼0.0003). In contrast and as expected, pretreatment status and white blood count were identified as significant prognostic factors in the univariate analysis, but were eliminated as dependent variables upon forward/backward variable selection in the multivariate analysis.
To our surprise, there was a marked correlation between the p53 status and the treatment status. Chemotherapy-induced p53 mutation in B-CLL I Sturm et al untreated patients, patients pretreated with chemotherapy had a significantly higher chance of bearing a p53 gene alteration: only three of the 58 chemo-naive patients had a p53 mutation, whereas 20 of 80 patients who had received prior chemotherapy for their disease showed p53 mutations (P¼0.0022, Table 4a ). In 62 cases, pretreatment regimens included alkylating agents, that is, chlorambucil and cyclophosphamide. Of these samples 18 were found to bear a p53 gene alteration, whereas only four samples in the group of 60 'alkylating-agent naive' patients had p53 gene mutations. In 16 cases, specification of preatreatment was not available, of these patients only one sample had a p53 gene alteration (Table 4b , P¼0.0017). Regarding the type of mutation, especially point mutations were associated with the pretreatment by use of alkylating agents as expected from the mode of action of chlorambucil and cyclophosphamide.
Correlation of p53 alterations with in vitro drug sensitivity
To establish if inactivation of p53 is related to resistance to chemotherapy, we compared the LC 90 values for a panel of relevant drugs currently employed in CLL therapy in relation to the p53 genotype. This analysis shows that silent mutations, while associated with a worse prognosis and shorter overall survival, do not coincide with resistance to anticancer drugs or irradiation. In contrast, the LC 90 for chlorambucil and fludarabine was significantly higher in the p53-mutated subgroup as compared with the p53 wild-type samples (Table  5) . Similarly, B-CLL cells carrying a p53 mutation showed a significantly impaired induction of apoptosis upon g-irradiation with a fixed dose of 2 Gy (Table 5 ). For mafosfamide, there was only a trend towards resistance, which just missed statistical significance. In contrast, the p53 status did not have an impact on drug sensitivities for steroids (prednisolone not shown) and vincristine, as well as for doxorubicin, suggesting that these drugs may activate p53-independent death programs to exert their cytotoxic activities in the B-CLL cells.
Discussion
The p53/Bax pathway is a frequent target for inactivation, for example, by mutation, in a variety of tumors. 6, 16, 17, 31, 32 Loss of p53 function results in an impaired response to DNAdamaging therapies, that is, apoptosis induced by anticancer drugs or irradiation. [33] [34] [35] [36] We previously observed that the loss of Bax is related to chemoresistance in B-CLL. 13 In the present work, we therefore addressed the role of inactivation of p53, an upstream transcriptional activator of the Bax and other apoptosis promoting genes. To this end, we performed a mutational analysis of the p53 DNA-binding domain (exons [5] [6] [7] [8] and compared these data with the drug sensitivity profiles of 138 patients with B-CLL. We demonstrate that p53 inactivation is associated with selective resistance to irradiation, alkylating agents, fludarabine and irradiation but not with resistance to anthracyclines, vincristine and glucocorticoids. Thus, inactivation of p53 results in resistance to some but not all anticancer drugs.
The key finding of our study is, however, that the occurrence of p53 gene alterations is strongly associated with prior chemotherapy for CLL. To our knowledge, our present study is the first report to demonstrate that chemotherapy treatment of B-CLL patients is related to the occurrence of p53 mutations and the development of selective drug resistance. A close association was seen between pretreatment with alkylating agents and mutation of p53. This does not, however, rule out that p53 mutation is solely related to therapy with alkylating agents and similar effects might arise from other DNA-damaging therapies. Our findings suggest therefore that DNA-damaging anticancer treatment is potentially causative for the development of p53 inactivation and the resulting resistance to therapy. Thus, alkylating therapies may select for resistant CLL clones resistant not only to the initially employed alkylating compounds but also result in resistance to fludarabine. This finding is novel and has not been described previously. Possible explanations are that most studies have been performed with smaller patient numbers, with a consequently low statistical power or that this rather obvious question was simply not asked. In a similar line, several studies reported an increased incidence of secondary acute leukemias after treatment of B-CLL with chlorambucil. [37] [38] [39] Thus, pretreatment seems to induce genetic damage which may result in secondary acute leukemia. Such genotoxic events may also be the underlying pathogenetic mechanism of the p53 mutations we observed in B-CLL secondary to alkylating agent treatment.
Another possible explanation is that p53 mutations accumulate during 'normal' progression to higher clinical stages. Nevertheless, in this cohort no correlation was found between p53 mutational state and disease stage, leukocyte count or patient age. This makes the last point rather unlikely and supports the interpretation that there may be a causative link between DNA-damaging therapy, consecutive p53 inactivation and selection for a resistant genotype. This point is also supported by the observation that alkylating agents may induce p53 inactivation by mutation in experimental tumor models both in vitro and in vivo. [40] [41] [42] Another possibility for the significant association of prior alkylating chemotherapy and p53 mutation could be that patients with p53-mutated B-CLL are more likely to receive treatment than do patients without p53 mutations. This is, however, not very likely as an underlying cause since we observed the stringent correlation of p53 mutation with prior chemotherapy only in the case of alkylating agents and not for other therapeutic modalities. Furthermore, we observed the occurrence of p53 mutations upon alkylating chemotherapy in all disease stages from early Binet A to more advanced Binet B and C stages. There was no significant correlation between disease stage and the presence of p53 mutations. In the same vein, a multivariate analysis showed that Binet stage and p53 mutation are independent prognostic indicators.
In addition, an increased rate of p53 gene mutations was reported in samples from relapsed ALL patients. 43 ,44 Notably, we were not able to show such an association of increased p53 mutation in relapsed ALL as compared with primary childhood ALL in another large cohort. 10 Another possibility, apart from a direct mutagenic effect on the p53 gene, is the selection of pre-existing subclones with a mutated p53 that would not occur to this extent in the absence of genotoxic damage. Such mutation and selection phenomena have been described previously in cell line and animal models. 45 Genotoxic damage, for example by environmental or endogenous DNA-damaging agents, could lead to p53 mutation and such clones might then be selected under the pressure of anticancer chemotherapy.
Furthermore, intronic base exchanges and silent point mutations in the p53 gene resulted in the same reduced overall survival as compared with those patients whose samples bear mutations resulting in amino-acid exchange or a frameshift. This indicates that the association between silent p53 mutation and poor survival may represent an epiphenomen, especially since these silent mutations are not correlated with an impaired drug response. The silent p53 mutations could therefore be associated with upstream defects, for example, in DNA repair, as underlying cause for the poor prognosis and apparent genetic instability in these patients. Significantly, the fact that there is a close association with prior chemotherapies but no impact on drug-induced apoptosis argues against selection as an underlying cause for these silent p53 mutations.
A surprising finding of our study is the differential impact of p53 mutation on the sensitivities to different cytotoxic drugs. In detail, we observed a correlation of p53 mutation with increased resistance to chlorambucil, fludarabine and irradiation. A trend in the same direction was observed for mafosfamide. Nevertheless, no significant association of drug sensitivity was found for vincristine, doxorubicin and methylprednisolone. For anthracyclines, we previously found a correlation for the expression levels of Bax. 2, 4, 13 This suggests that these drugs exert at least part of their cytotoxic activities by other signalling pathways, thereby possibly circumventing the requirement of a proficient p53.
Some light has been shed on the mechanisms of fludarabine-induced apoptosis in B-CLL and the necessity of an intact p53 gene for fludarabine-induced cell death. Nevertheless, the available data are ambiguous: some authors find a strong correlation of p53 gene inactivation with fludarabine resistance in vivo, 7 whereas others found only a weak association, 46 or no association with fludarabine response at all, 47 but rather with chlorambucil response, 48 or with multidrug resistance. 9 Therefore, additional genetic defects may contribute to fludarabine resistance. This is in line with previous data on nucleoside analogues which showed that these nucleoside analogues may directly activate the downstream apoptosis cascade, possibly by direct activation of APAF-1, 49 ,50 a transcriptional target of p53. Comparison of log 10 LC 90 concentrations (for the cytotoxic drugs) or percentage of surviving cells (for the irradiated cells after a fixed g-irradiation with 2 Gy) for chlorambucil, mafosfamide, fludarabine, g-irradiation, vincristine, doxorubicin or methylprednisolone. Mean7S.E.M. is given. Statistical significance was calculated by means of the two-sided Mann-Whitney U-test. WT: p53 wild type, mutation: p53 mutation with amino acid exchange, intron or silent: no amino acid exchange
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It is obvious from these data that different drugs and ionizing irradiation depend to a different extent on an intact p53. Nevertheless, the molecular basis of the differential impact of p53 mutation on drug sensitivities is still unclear. In a previous study, we have studied the impact of Bax on chemosensitivity of B-CLL. 13 Loss of Bax correlated with resistance to anthracyclines, alkylating agents and vincristine. In contrast, nucleoside analogues and glucocorticoids showed induction of cell death even in Bax-deficient CLL cells. Furthermore, Bax levels were only slightly decreased in p53-mutated CLL cells. Thus, differential expression of Bax does not appear to be the cause of the differential drug sensitivity of p53 wild-type versus mutated CLL cells.
Finally, we provide a rational basis for selection of active compounds for the treatment of p53-mutated B-CLL. While alkalyting agents, nucleoside analogues and irradiation appear to depend at least to some extent on wild-type p53, other therapeutics do not and are capable of circumventing p53 genetic defects. Similar findings have been obtained for paclitaxel (taxol), which is successfully employed in advanced solid tumors and has been shown previously to circumvent p53 deficiency to induce apoptotic death 51, 52 . Therefore, p53 mutation is currently investigated in ongoing clinical trials in B-CLL to establish the usefulness of p53 genotyping in clinical routine.
Materials and Methods
Patients
Peripheral blood from 138 B-CLL patients was analyzed for drug sensitivity to a panel of B-CLL drugs and radiation using fresh cells. The same samples were analyzed for mutations in the p53 DNA-binding domain, using snap-frozen cells from the same specimens. Clinicopathological data of the 138 patients are given in Table 1 . Of the 138 patients, 80 were pretreated (58%) with one to six drug regimens (mean number of pretreatments for these 80 patients7S.E.M.: 1.9371.005). Pretreated patients were a minimum of 7 days postchemotherapy when blood was drawn for assay. Patients were staged according to Binet's classification and diagnosis of B-CLL was confirmed according to the NCI guidelines 53 by morphology, a white cell count of >15 Â 10 9 cells/l and cell markers including coexpression of CD5 and B-cell markers (CD19, CD20, and CD23) on leukemic cells.
Chemosensitivity assay
Drug-induced cell death was determined by the use of a morphometric test. In brief, peripheral blood lymphocytes were obtained using density gradient centrifugation over HistoPaque 1077 (Sigma, Poole, UK). Cells from the interface were aspirated, washed twice in medium made up with RPMI 1640 supplemented with gentamycin (80 mg/ml) and L-glutamine (2 mM) and counted by the use of a hemocytometer. Median viability for specimens was 95% (interquartile range 92-97%), as determined by trypan blue dye exclusion. For DNA extraction, aliquots of lymphocytes (10 8 ) were pelleted and snap-frozen in liquid nitrogen. For drug sensitivity testing, fresh cells (8 Â 10 4 ) were incubated in duplicate in 0.6 ml polypropylene tubes in supplemented RPMI medium or UltraCulture (BioWhittaker, Walkersville, MD, USA). Final volume of 90 ml included 10% phosphate-buffered saline (PBS) either without (control samples) or with added cytotoxic drug. All classes of chemotherapy routinely used in B-CLL were tested: alkylating agents (chlorambucil and cyclophosphamide -as mafosfamide in vitro); the purine nucleoside analogue fludarabine phosphate; the corticosteroid methylprednisolone; the anthracycline doxorubicin; and the vinca alkaloid vincristine.
Cells were incubated at 371C in a humidified atmosphere containing 5% CO 2 for 92 h, allowing time for all drugs studied to exert their apoptotic effect. 54 In culture, B-CLL cells remain in G0/G1 phase nonproliferative state and begin to die by apoptosis over time, and for all drugs tested yield measurable drug-induced apoptosis within 92 h. A mixture of fast green and nigrosin dyes in 10 ml PBS, including fixed duck erythrocytes (50 000) as an internal standard, was added to the cell suspensions to stain dead cells black before cytocentrifugation onto microscope slides. The slides were air-dried and counter-stained with Romanowsky stain. Subsequent morphological evaluation of slides by light microscopy facilitated the determination of drug efficacy at each concentration; to obtain the net effect of drug-induced apoptosis, live lymphocytes in the drug-treated samples were determined as a percentage of live lymphocytes in control cultures as described. 54 
Mutation analysis of p53
DNA was extracted and mutations in the p53 exons 5-8 were analyzed by genomic SSCP-PCR analysis as described. [15] [16] [17] DNA was stored in 10 mM Tris HCl/0.1 mM EDTA buffer (pH 8.7). For the PCR reaction, we used 2% of the genomic DNA (from 10 6 cells) in 2 ml; 0.5 ml of each sense and antisense primer (50 pmol). Primer sequences were as follows: exon 5a: CCA GTT GCT TTA TCT GTT CA and TGT GGA ATC AAC CCA CAG; exon 5b: CAA CTG GCC AAG ACC TGC and AAC CAG CCC TGT CGT CTC T; exon 6: CTC TGA TTC CTC ACT GAT TGC and GAG ACC CCA GTT GCA AAC CA; exon 7: TTG CCA CAG GTC TCC CCA A and AGG GTG GCA AGT GGC TCC; exon 8: CCT TAC TGC CTC TTG CTT C and CGC TTC TTG TCC TGC TTG C -0.4 ml of dNTP (12.5 mmol of each dNTP in a total volume of 50 ml); 1.5 ml MgCl 2 (50 mM) in reaction buffer (NH 4 ) 2 SO 4 ) (16 mM) and 1.5 U of Taq polymerase (InViTAQ, InViTek, Berlin, Germany). The reaction buffer, the dNTPs, the primer, MgCl 2 , the genomic DNA and the polymerase were mixed in water up to a total volume of 50 ml. The amplification was performed by the use of a thermocycler 9700 (Perkin-Elmer/Cetus, Weiterstadt, Germany) according to the following protocol: exon 5a: 941C for 5 min followed by 35 cycles at 941C for 30 s, 551C for 20 s, 721C for 15 s; exon 5b: 941C for 5 min followed by 35 cycles at 941C for 30 s, 651C for 20 s, 721C for 15 s; exon 6: 941C for 5 min followed by 35 cycles at 941C for 30 s, 601C for 20 s, 721C for 15 s; exon 7: 941C for 5 min followed by 35 cycles at 941C for 30 s, 581C for 20 s, 721C for 20 s; exon 8: 941C for 5 min followed by 35 cycles at 941C for 30 s, 601C for 20 s, 721C for 15 s; final extension time of 7 min at 721C. For SSCP analysis, the amplified DNA was diluted 1 : 1 in DNA loading buffer (82% formamide, 10 mmol/l NaOH, 50 mmol/l EDTA, bromophenol blue, xylene xyanole dye). The samples were denatured at 951C (5 min), chilled on ice (4 min), loaded on a 10% nondenaturing polyacrylamide gel and finally electrophoresed at 500 V and 50 mA at 101C in a Multiphor electrophoresis chamber (Pharmacia, Freiburg, Germany). Visualization was performed by silver staining.
Samples with aberrant bands were sequenced, either the PCR product or the aberrant band was cut out of the dried SSCP-gel, reamplified and sequenced. Primers for sequencing analysis were the primers used for SSCP analysis. Sequencing was performed with the ABI Prism 
Data analysis
Logistic curves were fitted to the cell count survival data; the logit of survival probability was taken to be linear with respect to the logarithm of drug concentration. 25 LC 90 doses, that is, the concentration of drug to produce a 90% reduction in cell survival compared with control cells, were determined by calculating the log dose at which the fitted survival probability was equal to 0. 
